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A model for the calculation of the refractive index based on a dispersion relation that incorporates
the exciton transition energies is presented. The refractive indices of liquid and solid xenon for
different wavelengths are evaluated using this model. Comparison between calculated and
experimental values existing in the literature is presented. © 2005 American Institute of Physics.
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I. INTRODUCTION

The refractive index of liquid xenon is of interest both
from the fundamental and application points of view. Pres-
ently, its practical relevance is mainly related to the use of
liquid xenon in radiation detectors such as in particle physics
and astrophysics, as well as its use in medical applications.
Detailed information on this issue can be found in Refs. 1
and 2 and references therein. Many of those detectors rely on
the measurement of scintillation light emitted by xenon when
excited by a particle. There is, therefore, a strong interest in
knowing the refractive index of liquid xenon at the wave-
length corresponding to its scintillation light.

Liquid xenon emits in the vacuum ultraviolet region
�vuv�. Its emission spectrum is centered3 at �=178 nm and
has a width of about 14 nm. The emission originates4 from
the transition from excimer �self-trapped exciton� states �1�u

+

and 3�u
+� to the repulsive ground state 1�g

+. Accurate mea-
surements of the optical constants for the scintillation light
are difficult, mainly because of the short wavelength and low
temperature. To our knowledge, there are very few published
measurements of the refractive index of liquid xenon at the
wavelength corresponding to xenon scintillation at present. A
value of 1.66 was obtained in Ref. 5 for �=177 nm at the
temperature slightly above the triple point, 163.2 K. At the
triple point, n=1.5655±0.0024 was reported for liquid for
xenon scintillation light.6 In our recent measurements7 we
obtained a refractive index of 1.69±0.02 at the liquid tem-
perature of 170 K, also for the scintillation light.

Concerning the theoretical point of view, the precise
knowledge of the refractive index is remarkably important,
among the optical properties, not only by itself but also be-
cause it has been used in evaluating the success of theoretical
models and the accurate calculation of other properties,
namely, the density and polarizability of nonpolar fluids, by
means of the Lorentz-Lorenz equation
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where n is the refractive index of a homogeneous medium, �
is the density, � is the molecular polarizability, M is the
molecular weight, and NA is Avogadro’s number. The quan-
tity at the left side of the equation, is known as the Lorentz-
Lorenz function8,9 FLL

FLL =
n2 − 1

n2 + 2

1

�
. �2�

Condensed rare gases are ideal media to examine the
theory. Their atoms interact by means of weak van der Waals
forces; the overlapping of the electron charge distributions is
very small and, therefore, the local electric field can be ap-
proximated with good accuracy by the Lorentz field equal to
E+ �4� /3�P, where E is the macroscopic average electric
field in the medium and P is the total polarization of the
medium. It was also shown that the Lorentz field is quite
accurate for most of the solids with face-centered-cubic lat-
tice, which is the case of solid Ar, Kr, and Xe �see Ref. 10�.

In a system of noninteracting atoms, FLL is independent
of the density as one can see from Eqs. �1� and �2�. However,
in a high-pressure gas or condensed medium such depen-
dence can appear. Indeed, variations of FLL with density
were reported in Refs. 11 and 12. For the static case, with
n2=�, a similar behavior was also observed for the Clausius-
Mossotti function13,14 FCM

FCM =
� − 1

� + 2

1

�
. �3�

In order to describe this phenomenon theoretically, FLL

and FCM were fitted by using virial expansion, in powers of
the density15,16 �. To explain the density effect, a number of
corrections were also suggested, such as introducing fluctua-
tions in the induced molecular dipole momentum,17 change
in polarizability due to the caging of individual molecules by

18
their neighbors at higher density, and quadrupole-
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quadrupole and higher-order interactions.19 Contribution
from two-body16 or many-body20 interactions to the effective
polarizability has also been considered. In addition, the order
of the media can be an important factor affecting the refrac-
tive index. The solids may have reduced FLL compared with
liquid due to the high symmetry of the crystal lattice.9 How-
ever, the variations in FLL with density and phase are very
small, such that the spread of data on ��T� existing in the
literature renders difficult the comparison of calculations of
FLL done by different authors and can even lead to wrong
conclusions.

The interaction between atoms and the degree of sym-
metry are also reflected in the excited states. The absorption
spectra in the vuv region in condensed heavy rare gases, both
in liquid and solid phases, differ from those in gas, exhibiting
lines corresponding to Wannier-type “free” excitons instead
of the atomic lines.21,22 This fact can be taken into account in
the dispersion relation, which links the refractive index of
the medium with oscillator frequencies. In this paper, we
take such approach for calculating the refractive index of
condensed xenon. We present a model for the calculation of
the refractive index based on the dispersion relation, which
incorporates the exciton transition energies. The refractive
indices of liquid and solid xenon for different wavelengths
are evaluated using this model. Comparison between calcu-
lated and experimental values existing in the literature is
presented.

II. CALCULATION OF THE REFRACTIVE INDEX

The refractive index n of an isotropic dielectric medium
is in general complex and satisfies the dispersion relation23

n2 − 1

n2 + 2
=

4�Ne2

3m
�

i

f i

�i
2 − �2 − i�i�

, �4�

where N is the number density of oscillators �atoms or mol-
ecules� of the medium, e and m are the charge and mass of
the electron, respectively, f i is the oscillator strength for the
transition of frequency �i, and �i is the width of the line
corresponding to �i. The summation is over all possible tran-
sitions. In a wavelength region far from resonance lines,
where �i

2−�2 is large compared with the term �i�, the real
part of the refractive index, n, can be approximated with
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In case of low-density gases with refractive index close to 1,
Eq. �5� can be simplified to a form which is usually referred
to as the Sellmeier equation

n − 1 �
2�Ne2

m
�

i

f i

�i
2 − �2 . �6�

This equation was fitted to experimental values of the refrac-
tive index of Xe gas at STP �0 °C, 760 torr� between 140
and 254 nm by Bideau-Mehu et al.24 They replaced the
complete summation by three terms: two corresponding to
the main atomic resonance lines �1=146.9 nm and

�2=129.5 nm �the latter ascribed to the lines at 129.5 and
125.6 nm� and the third term accounting for all other transi-
tions. A good agreement with the experimental data was ob-
tained with the equation

n − 1 = 1.2055 	 10−2� 0.267 83

46.301 − �−2 +
0.294 81

59.578 − �−2

+
5.0333

112.74 − �−2� , �7�

where � is in micrometers. �Here, we have corrected a print-
ing mistake in the second term in the equation given in Ref.
24�.

In order to calculate the refractive index of liquid xenon
we used the dispersion relation in the form of Eq. �5� with
the summation limited to three terms, as in Ref. 24, and
using numerical values for the oscillator strengths and the
multiplicative factor on the right side of Eq. �7�. However,
we substituted the atomic resonance energies. It is well
known that the absorption spectra in the condensed xenon
differ from those in gas, particularly in the vuv region, ex-
hibiting lines for Wannier-type free excitons instead of the
atomic resonance lines.21,22 Two exciton lines, n=1, ��3/2�
and n�=1, ��1/2�, were observed in liquid xenon at approxi-
mately 8.2 and 9.4 eV �151.2 and 131.9 nm�. Table I sum-
marizes the data on the major exciton energies observed in
the condensed xenon at various temperatures estimated by us
from the original reflectivity spectra published in Refs. 5, 25,
and 26. As one can notice from the table, for the liquid state
the measurements were done at almost the same temperature
and the obtained exciton energies are nearly equal. Hence,
we took the average value for each line and arrived at the
following equation:

n2 − 1

n2 + 2
= 1.2055 	 10−22

3

Nl

Ng
� 0.267 83

43.741 − �−2

+
0.294 81

57.480 − �−2 +
5.0333

112.74 − �−2� . �8�

In this equation, the factor 2 /3 is due to the fact that,
opposite Eq. �7�, no approximation was done on the left side
of the equation. Nl /Ng is the ratio between the liquid density
and that of xenon at STP. In order to be applicable to the
liquid or solid state, Eq. �8� should include the effects spe-

TABLE I. Energies of the two major exciton lines in liquid and solid xenon
estimated from the published reflectivity spectra.

T �K� E1 �eV� E2 �eV� Ref.

Liquid xenon 165 8.21 9.42 25
163.2 8.21 9.38 5a

162.5 8.18 9.36 26
8.2 9.4 Average

Solid xenon 161.2 8.27 9.44 5a

155 8.26 9.43 25
137 8.28 9.45 26
130 8.32 9.48 25

aFor normal incidence; two sets of data were presented in this work; for
normal and grazing incidences of the vuv light.
cific to the condensed phase that are not present in dilute gas.
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In fact, some of these effects, such as those due to van der
Waals interaction between the atoms, are already taken into
account in the ratio Nl /Ng if the experimental values of den-
sity are used �we used values of Refs. 27 and 28�. However,
the contribution from the terms nonlinear with density may
also be important and should be taken into account, in prin-
ciple, in the “scaling” factor �which is Nl /Ng in Eq. �8��
and/or in the terms between the parenthesis in Eq. �8�. In our
approach, we assume that all nonlinear effects of the medium
density and phase due to the interaction between the atoms
can be taken into account in the oscillator strengths f i and the
wavelengths �i, which should refer to the excitons, in this
case. However, in view of the absence of data on the oscil-
lator strengths associated with the excitons, they were ap-
proximated to those reported for the gas phase.24 Hence, the
sum of the oscillator strengths responsible for n is the same
as that for the gas and is 5.5959, which means that only the
outer electrons contribute significantly to the refractive index
�ZXe=54�. It is worth emphasizing that any collective exci-
tations occurring in the condensed phase were not taken into
account, but their effect on the refractive index in condensed
rare gases is expected to be small.29

TABLE II. Values of density used in this work.

Phase state T �K� � �g / cm3�

Gas �STP�, Ref. 28 273.15 5.8984	10−3

Liquid, Ref. 27 170 2.9078
161.35 2.9656

Solid, Ref. 27 161.35 3.3944
150 3.4423
130 3.5137

TABLE III. Refractive index of condensed xenon at
visible regions.

State T �K�
Experimental
or calculated Xea 18

Liquid 170 Expt. 1.69
Calc. 1.68

163.2 Expt. 1.66 1.6
161.35 �TP� Expt. 1.5655

Expt.
Calc. 1.70 1.6
Calc.
Calc. 1.59

Solid 161.2 Expt. 1.79 1.6
161.35 �TP� Expt.
161.35 �TP� Calc. 1.90 1.7

150 Expt.
Calc. 1.93

130 Expt.
Calc. 1.93

aXenon scintillation: �=178 nm �for liquid� and �=1
bThe average value for each exciton energy was used
cValues calculated using the tight-binding exciton mo
dExciton energies at 161.2 K from Ref. 5.
eExciton energies at 155 K from Ref. 25.
f
Exciton energies at 130 K from Ref. 25.
In order to compare the present model with the existing
experimental data, we first calculate the refractive index at
�=2.908 g/cm3 �T=170 K�27 corresponding to the condi-
tions at which n was measured for liquid xenon scintillation
light in our previous work.7 Taking3 �=0.178 
m we obtain
n=1.68 which is in good agreement with the experimental
value7 n=1.69±0.02. Concerning the uncertainty associated
with the theoretical values, one can present the following
considerations. Apart from the uncertainty associated with
the approach itself, which is impossible to assess, the main
sources of uncertainty in the calculated value of n are the
precision with which the wavelengths of the excitons were
determined �estimated to be �8	10−4 
m� and the spread
of values of the liquid density existing in the literature �esti-
mated to be �0.3%�. As a result, the overall uncertainty in
the calculated value of n was estimated to be about 0.6%.

Next, we used Eq. �8� to calculate the refractive index of
liquid and solid xenon in the vuv and visible regions at the
triple point �T=161.35 K� and at 150 and 130 K, where the
experimental data are available.5,9 The densities used in our
calculation are listed in Table II, while the results for the
refractive index are shown in Table III together with the
experimental values existing in the literature and calculations
made by other authors. For the liquid, the average values of
the exciton energies were used, i.e., 8.2 and 9.4 eV �see
Table I� since all three experiments were carried out at nearly
equal temperatures and the obtained values for the exciton
energies are very close. It is worth mentioning that if one
takes the exciton energies from Ref. 26, which were obtained
at the temperature close to the triple point, the calculated
refractive index increases only by about 0.3% at 178 nm and
0.05% in the visible region, which is still in good agreement
with the experimental data.

cintillation wavelength as well as in the uv and the

Wavelength �nm�

Ref.200 361.2 435.8 546.1 643.9

7
p.w.b

1.56 5
6

1.4111 1.4001 1.3918 1.3876 9
1.566 1.4094 1.3958 1.3857 1.3810 p.w.b

1.4137 1.4019 1.3934 1.3896 9c

32

1.65 5
1.4747 1.4608 1.4507 1.4461 9

1.662 1.4765 1.4603 1.4484 1.4427 p.w.d

1.4805 1.4667 1.4566 1.4520 9
1.4847 1.4682 1.4560 1.4502 p.w.e

1.4901 1.4763 1.4662 1.4616 9
1.4946 1.4778 1.4654 1.4596 p.w.f

m �for solid� from Ref. 3.
Table I�.
ith the parameters listed in Table VII of Ref. 9.
its s

8

0

2

9

3

72 n
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For solid xenon, the results shown in Table III were cal-
culated with the exciton energies from Table I at the tem-
perature closest to that of the respective experimental data
set as indicated in Table III.

III. DISCUSSION

In the visible region of the spectrum, a fairly good agree-
ment has been found between the experimental values of the
refractive index of condensed rare gases and the predictions
based on the tight-binding exciton model, which is valid only
at frequencies ���0 where �0 are the natural frequencies of
the oscillators.9,30 When � approaches the resonance fre-
quencies, the use of the dispersion relation is more adequate,
as it is done in the present work.

A significant part of the existing experimental data for
the refractive index of liquid xenon is obtained at the tem-
perature near the triple point �T=161.35 K�. These data are
presented in Fig. 1 along with the calculations with the tight-
binding exciton model from Ref. 9 in the visible region
�dashed line� and with our model �solid line�. For the sake of
comparison, our experimental value for xenon scintillation
light7 measured at T=170 K was scaled to the temperature of
triple point using the density dependence from Eq. �8� and
the density values listed in Table I.

For the liquid xenon scintillation light, the refractive in-
dex of liquid xenon calculated in this work is in good agree-
ment with the experimental value reported:7 the experiment
at T=170 K gives n=1.69±0.02, while the calculation re-
sults in n=1.68 �see Table III�. Practically the same value of
n, differing only by 0.05%, is obtained if, instead of Eq. �7�
adopted from Ref. 24, one uses the empirical dispersion
equation from Ref. 31 with a similar replacement of the two
atomic lines by the exciton frequencies and density “scaling”
to the liquid. It is also worth mentioning that if Eq. �8� is

FIG. 1. The refractive index of liquid xenon at the triple point
�T=161.35 K� as a function of wavelength. Experimental data: circles, Ref.
9; square, Ref. 6; diamonds, Ref. 5; and triangle, Ref. 7. The last value was
measured at T=170 K and recalculated for triple point, as explained in the
text. The solid line was calculated with the approach proposed in the present
work. The broken line was calculated using the tight-binding exciton model,
in the range where it is valid, with the parameters reported in Table VII of
Ref. 9.
used with atomic frequencies �and not with those corre-
sponding to excitons, as it is done in the present work�, it
results in a much lower value of the refractive index,
n=1.64 for 170 K.

Comparing our calculation with the data from Ref. 5
measured with the liquid near the triple point �163.2 K� in
the wavelength region from 200 down to 153.3 nm, we also
find the agreement to be quite good although the uncertainty
in n is not mentioned in Ref. 5. Thus, the measured value of
the refractive index at �=177 nm is 1.66, while we calculate
1.70, for this temperature. For �=188 nm and �=200 nm the
values from Ref. 5 are 1.60 and 1.56, while our calculation
gives 1.62 and 1.556, respectively.

Regarding the value of n for liquid xenon at triple point
and for �=180 nm presented in Ref. 6 �the authors quote
n=1.5655±0.0024±0.0078�, it is well below any of the cal-
culated values mentioned above. Regrettably, that paper does
not provide enough details to allow discussion of possible
reasons for the discrepancy. A similar value, n=1.59 at
�=175 nm, was obtained earlier by Braem et al.32 from the
experimental data of Ref. 9 at ��350 nm by extrapolation
to the vuv region with a modified form of the Lorentz-
Lorenz equation �not specified in the paper�. However, the
authors stressed that the extrapolation is very sensitive to the
functional form of the extrapolation and to small changes in
the values of the refractive index at longer wavelengths.

A value of the refractive index of n=1.6733, measured at
�=176 nm in liquid xenon presumably at the temperature
near the triple point �the temperature is not indicated in the
communication�, can also be referred to33 in support of our
calculations and previous measurements.7

When we use our approach in the long wavelength re-
gion from 361 to 644 nm, a reasonable agreement is still
found between the calculated and experimental values �see
Table III and Fig. 1�. The difference between them never
exceeds 0.5%. However, it should be noted that the oscillator
strengths and the multiplicative constant used in Eq. �8� were
originally24 obtained by fitting the Sellmeier formula �our
Eq. �6�� to the data taken at � between 140 and 254 nm, thus
its use outside this wavelength range is not entirely reliable.

Concerning our estimates for solid xenon, in the visible
region they agree moderately well with the experimental data
available9 for all three temperatures �130 K, 150 K, and near
the triple point, see Table III�. The deviations vary from
about 0.3% to 0.05%, while the uncertainty in the experi-
mental values of the refractive index is quoted to be about
0.1%. As for the vuv region, the agreement is not so good.
Thus, the values of 1.79, 1.69, and 1.65 were measured for
172 nm �this wavelength corresponds to solid xenon emis-
sion�, 188, and 200 nm, respectively, at 161.2 K �systematic
errors were not clearly specified5�. Our calculation at the
temperature of triple point �161.35 K� gives the respective
indices of 1.90, 1.73, and 1.66. Compared with the liquid
state, the disagreement at short wavelengths in the solid can
be understood if one takes into account the fact that in solid
xenon the wavelength of the scintillation emission is closer
to the first exciton line than it is in the liquid. Solid xenon
scintillates5 at �=172 nm and the first exciton band is at
about �ex=150 nm, while in the liquid the respective wave-

lengths are �=178 nm and �ex=151 nm �see Table I�.
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A relevant issue related to the refractive index that has
been discussed in the literature is whether the Lorentz-
Lorenz function FLL, defined by Eq. �2�, depends on the
density and phase of the medium.8,9,11,30 Our method allows
us to compute FLL for different densities and phase states of
the condensed xenon, provided that the exciton lines are
known. A gradual shift in the exciton energies to higher en-
ergies with increase of density is clearly seen from Table I,
although the uncertainty, estimated to be about
0.05 to 0.02 eV, is rather large. Using these energies in Eq.
�8� one can obtain FLL �Figs. 2 and 3�. The result shows that
FLL decreases with decreasing temperature in the whole
wavelength region from 643.9 down to 178 nm, the effect
being more significant for shorter wavelengths.

FIG. 2. Lorentz-Lorenz function FLL as a function of temperature in the vuv
region. Open symbols correspond to FLL obtained using the definition of the
Lorentz-Lorenz function �i.e., Eq. �2�� and the experimental values of n
reported in Subtil et al. �Ref. 5�, while a grey triangle corresponds to that
obtained with the refractive index from Solovov et al. �Ref. 7�. The filled
symbols, connected by solid lines: calculated with the right side of Eq. �8�
and the densities listed in Table II �the lines are for eye guidance only�.

FIG. 3. Lorentz-Lorenz function FLL as a function of temperature in the
visible region. Open symbols connected by broken lines correspond to FLL

obtained using the definition of the Lorentz-Lorenz function �i.e., Eq. �2��
and the experimental values of n from Sinnock and Smith �Ref. 9�. The
filled symbols, connected by solid lines: calculated with the right side of Eq.

�8� and the densities listed in Table II �the lines are for eye guidance only�.
The Lorentz-Lorenz function obtained with the disper-
sion relation can be compared with FLL calculated using its
definition �Eq. �2�� and the experimental values of the refrac-
tive index of liquid and solid xenon.9,30 As one can see from
Figs. 2 and 3, both methods result in a similar tendency with
the temperature in the solid state as well as at the solid-liquid
transition point. In the case of our model, that tendency re-
flects a trend in exciton energies with temperature and phase.
It is preserved in spite of the uncertainty in FLL due to the
imprecision in the exciton energies being rather large. The
uncertainty in FLL is estimated to be of the order of 0.02 and
0.1 cm3 mol−1 for the visible region and for the vuv region,
respectively. The sharp decrease of FLL on freezing was also
referred in the vuv region by Subtil et al.5

The jump of FLL at the phase-transition temperature is,
however, more pronounced when calculated with the experi-
mental values of the refractive index �open symbols in Figs.
2 and 3�. For the wavelengths of 200, 188, and 178 nm, it is
about 1.9%, 2.9%, and 4.1%, respectively. If calculated with
Eq. �8�, the respective values are 0.9%, 1.1%, and 1.6%. The
decrease of FLL on liquid freezing and its further decrease
with decreasing temperature of the solid have been attributed
to the high symmetry of crystal, for which, unlike the liquid,
the contribution from the configuration terms is negligible.9

In the present model, this effect is expressed as a change in
the exciton energies.

Altogether, a good agreement with the experimental data
on the refractive index of the condensed xenon has been
obtained with the theoretical approach proposed in this work.
Nevertheless, it can be substantially improved. In the present
approach, the correlations between atoms are taken into ac-
count only by using for Eq. �5� the wavelengths of exciton
lines instead of those of the atomic lines observed in the gas
phase. However, due to the lack of information on the oscil-
lator strengths of the transitions in the condensed phase, they
were assumed to be the same as in the gas phase. The oscil-
lator strengths of the two main excitons were approximated
to those of the two main atomic lines observed at similar
wavelengths. Furthermore, due to the formation of the con-
duction bands, the ionization potential in the condensed rare
gases is known to be lower than in the gas phase.21,26 Hence,
a change in the distribution of the oscillator strengths asso-
ciated with the transitions to the conduction band can be
expected. This was not taken into account in the present
evaluations.

A more precise knowledge of the exciton energies for
different temperatures and phase states is also required. It is
especially important for the vuv part of the spectrum, at
wavelengths approaching the resonance lines. The relative
contribution of the first two terms in Eq. �8� significantly
increases at 178 nm as compared, for example, with that at
546.1 nm, the ratio of the three terms being equal to
0.231:0.119:0.650 and 0.114:0.094:0.792, respectively �the
sum is normalized to 1�.

IV. CONCLUSIONS

The refractive index of liquid xenon at the wavelength of

its scintillation light was calculated to be n=1.68 at 170 K
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�1.70 at the triple point� using the dispersion relation com-
bined with the free-exciton model. This approach was also
able to reproduce fairly well the published experimental val-
ues of the refractive index of liquid and solid xenon in the
vuv and visible range. Moreover, it led to a trend of the
dependence of the Lorentz-Lorenz function with temperature
and phase similar to that reported in literature. FLL decreases
sharply on phase transition from liquid to solid, further de-
creasing with increasing density of the solid. However, for a
satisfactory test of this model, more measurements of the
reflective index in the condensed phase are required, in the
uv region in particular. Moreover, in order to improve the
model, more data on the oscillator strengths and the exciton
energies in the condensed xenon are needed. It is expected
that the recent advances in synchrotron facilities can make it
possible to obtain information on the oscillator strengths.
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